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A  new  method  for  observing  the  outermost  surface  morphology  and  the  thickness  of  solid  electrolyte 
interphase  (SEI)  are  presented.  Low  acceleration  voltage  in  extreme  high  resolution  scanning  electron 
microscopy  (XHR-SEM)  provides  detailed  information  on  the  SEI  surface  morphology  due  to  secondary 
electron  contrast  mechanism.  Also,  XHR-SEM  under  low  acceleration  voltage  with  low  energy  induced 
ion  etching  in  x-ray  photoelectron  spectroscopy  (XPS)  studies  provides  valuable  information  on  the  SEI 
layer  thickness.  More  detailed  properties  of  the  SEI  layer  were  investigated  by  transmission  electron 
microscopy  (TEM). 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Graphite-based  negative  electrodes  are  widely  used  in 
commercially  available  lithium-ion  battery  (LIB).  During  the  initial 
intercalation  of  lithium  into  the  graphite  negative  electrode,  the 
intercalated  lithium  reacts  immediately  with  the  electrolyte, 
and  forming  a  passive  layer  called  solid  electrolyte  interphase  (SEI) 
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[1—3].  Many  researchers  have  reported  the  role  of  SEI  layer  on 
various  electrolytes  (or  cathode/anode  material),  and  the  various 
mechanisms  have  been  proposed  to  account  for  the  relation  be¬ 
tween  SEI  characterization  and  cell  performance  [4-11  ].  Reactions 
for  various  electrolyte  components  at  graphite  surfaces  are 
described  in  Refs.  [3-8,12-14].  Those  processes  continue  until  the 
electrode  surface  is  completely  covered  and  the  SEI  thickness 
exceeds  at  least  the  tunneling  capability  of  electrons  (a  few  nano 
size)  [1].  The  SEI  properties  influence  on  cell  performance  such  as 
power  capability,  self  discharge,  performance  at  low/high  tem¬ 
perature  and  safety  [15]  and  therefore  it  is  very  important  to 
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control  the  SEI  film  formation  for  the  LIB  industry.  However,  the 
formation  mechanism  and  its  composition  of  SEI  caused  by 
electrochemical  reaction  on  the  graphite  electrode/electrolyte 
interface  are  not  clearly  understood  and  have  been  debated  for  a 
long  time. 

Meanwhile,  many  researchers  have  reported  the  morpho¬ 
logical  properties  of  SEI  layer  on  anode  material  using  SEM 
images.  However,  they  did  not  consider  the  effect  of  acceleration 
voltage  in  SEM  analysis  for  observing  the  SEI  layer.  In  fact,  at  low 
beam  voltage,  the  surface  becomes  more  differentiated  image 
due  to  secondary  electron  contrast  mechanism  which  could 
represent  more  detailed  surface  chemistry.  Surface  techniques 
such  as  X-ray  Photoelectron  Spectroscopy  (XPS),  Auger  electron 
Spectroscopy  (AES)  and  Secondary  ion  mass  spectroscopy  (SIMS) 
have  been  used  to  measure  the  SEI  layer  thickness  by  depth 
profiling.  However,  it  is  difficult  to  obtain  reasonable  thickness 
data  from  those  depth  profiling  techniques  because  of  its  rough 
and  inhomogeneous  morphology  16].  In  fact,  its  thickness  can 
vary  from  15  to  900  A  on  the  same  electrode  [17].  Morphological 
studies  such  as  Focused  Ion  Beam  (FIB)-Transmission  Electron 
Microscopy  (TEM)  [18]  are  also  reported,  but  this  technique  has 
still  unresolved  questions;  ion  beam  at  high  voltage  (or  current 
density)  causes  significant  chemical  damage  [19-21].  The 
atomic  force  microscopy  (AFM)  [22-25]  is  also  reported  for 
estimating  the  SEI  film  thickness,  but  this  technique  needs  to 
highly  technical  know-how  for  in-situ  system,  and  does  not 
shown  the  SEI  (or  graphite)  components  at  the  same  sample 
location. 

In  the  present  study,  we  investigate  a  new  approach  to  charac¬ 
terize  the  SEI  surface  properties  on  the  graphite  using  extreme  high 
resolution  scanning  electron  microscopy  (XHR-SEM)  under  low 
acceleration  voltage,  and  to  investigate  the  thickness  measurement 
with  low  energy  induced  ion  etching  in  XPS.  Also,  we  investigate 
the  cross-sectional  FIB-milled  microstructures  with  TEM  and 
Electron  Energy-loss  Spectroscopy  (EELS)  which  are  used  to 
observe  the  morphologies  and  components  of  the  detailed  SEI 
structures  for  comparison. 

2.  Experimental 

The  LIB  cells  were  constructed  using  doped-LCO  cathode  active 
material  and  pitch  coated  natural  graphite  as  the  active  anode 
material.  The  anode  electrodes  included  carbon  black  for  conduc¬ 
tivity  enhancement  with  styrene  butadiene  rubber  (SBR)  as  the 
binder  dissolved  in  anhydrous  N-methyl-2-pyrrolidinone  (NMP). 
The  resulting  slurry  was  cast  on  a  copper  foil.  The  composite 
electrode  was  then  dried  in  a  convection  oven  at  110  °C  for  2  h.  The 
cathode  also  included  carbon  black,  10%  PVDF  binder  on  10  mm 
copper  foil.  The  conventional  organic  electrolyte  was  1  M  LiPF6 
dissolved  in  the  mixtures  of  ethylene  carbonate  (EC),  ethylmethyl 
carbonate  (EMC),  and  diethyl  carbonate  (DEC)  in  a  volume  ratio  of 
3:5:2.  As  additives  to  the  electrolyte  solution,  1  wt.%  vinylene  car¬ 
bonate  (VC)  and  3  wt.%  fluoroethylene  carbonate  (FEC)  were  used. 
The  water  content  in  the  electrolyte  solutions  was  less  than  10  ppm. 
A  prismastic-type  cell  was  assembled/disassembled  in  an  argon- 
filled  glove  box  (<1  ppm  H2O,  <10  ppm  O2)  to  prevent  from 
moisture/air  exposure. 

For  the  SEI  formation  the  cell  was  charged  to  4.2  V,  and  then 
discharged  to  3.0  V  at  a  rate  of  0.5  C  in  one  cycle  using  a  constant 
current-constant  voltage  (CC-CV)  protocol,  and  was  disassembled 
in  an  argon-filled  glove  box. 

Chemical  bonding  states  and  concentration  of  each  element  at 
the  surface  were  analyzed  by  XPS  (VG,  ESCALAB250)  using 
a  monochromatic  Al  Ka  radiation  ( hv  =  1486.6  eV).  Each  layer 
components  for  the  sample  surface  by  Ar+  ion  etching  can  provide 


useful  information  on  the  morphological  features  of  the  SEI  sur¬ 
face.  Ion  energies  about  300  eV  with  yielding  ion  currents  of  1.0  pA 
were  used  to  minimize  surface  damage  [15,26];  the  chemical 
bonding  of  organic  materials  is  prone  to  severe  sputter  damage, 
which  could  make  it  difficult  to  interpret  them  with  XPS  using 
conventional  conditions  (Recently,  Ar  cluster  and  C6o  ion  guns 
have  successfully  been  employed  for  non-destructive  depth 
profiling  of  organic  materials  [27,28]).  The  etching  rate  with  argon 
gun  was  roughly  determined  with  a  Si02  sample  (approximately 
2.5  nm  min-1)  as  a  reference.  Although  this  measured  SEI  thick¬ 
ness  may  not  indicate  the  absolute  value,  this  procedure  may 
understand  appropriate  to  compare  relatively  SEI  thickness  (In 
fact,  during  the  destructive  depth  analysis  of  inhomogeneous 
films,  the  etching  rate  is  not  the  same  for  hard  and  soft  compo¬ 
nents.  The  hard  inorganic  materials  (L^O,  LiF,  Li2C03  etc.)  need 
longer  sputtering  time  to  etch  a  particular  depth  as  compared  to 
the  soft  organic  material).  The  ion  gun  geometry  gave  an  incident 
angle  of  the  Ar±  ions  of  45°  to  the  sample  surface.  A  flood  gun 
source  was  used  to  compensate  the  charging  effect.  For  high- 
resolution  measurements  of  the  target  elements,  constant  pass 
energy  was  set  to  24.5  eV.  The  spectrometer  was  calibrated  using 
the  photoemission  line  Ag  3ds/2  (binding  energy  368.3  eV).  For  the 
Ag  3d5/2  line  the  full  width  at  half  maximum  (FWHM)  was  0.58  eV 
under  the  recording  conditions.  The  analyzed  area  of  the  samples 
was  500  x  500  pm2.  The  base  pressure  of  the  XPS  system  was  less 
than  2  x  10-10  mbar  and  the  working  pressure  was  less  than 
8  x  10  9  mbar.  The  dimethyl  carbonate  (DMC)  rinse  (conducted  in 
a  glove  box)  was  used  to  remove  electrolyte  salt  residues  during 
15  min  and  then  dried  for  6  h  in  a  glove  box.  For  the  deconvolution 
of  the  XPS  spectra  a  mixed  Gaussian-Lorenzian  function  in  the 
Avantage  software  was  used. 

The  morphological  characterization  of  SEI  layer  surface  was 
investigated  with  an  XHR-SEM  (FEI,  Magellan  400)  using  various 
accelerating  voltage  of  1, 5  and  10  kV.  The  thickness  for  the  SEI  layer 
was  estimated  as  following  processes; 

i)  SEI  bonding  properties  at  the  outermost  surface  and  inner 
part  layer  (after  ion  etching  for  2  min)  were  analyzed  by  XPS. 
To  minimize  the  surface  damage  from  high  energy  induced 
ion  etching  21,26,29],  the  etching  conditions  were  set  as  1  kV 
and  0.2  pA. 

ii)  The  holder  take  out  from  XPS  pre-chamber  under  N2  atmo¬ 
sphere  and  then  move  directly  to  an  argon-filled  glove  box. 
The  samples  were  taken  off  from  XPS  holder  and  then  sam¬ 
pling  again  on  transfer  holder  to  XHR-SEM  [30]. 

iii)  Transfer  holder  take  out  from  glove  box,  and  insert  to  the 
load-lock  chamber  in  XHR-SEM. 

In  order  to  compare  the  obtained  results,  the  micro-structure 
and  the  local  chemical  compositions  of  the  SEI  layer  were  exam¬ 
ined  by  TEM  (FEI,  Tecnai  F30)  equipped  with  Gatan  image  filter 
spectrometer  (GIF-2000).  TEM-EELS  with  high  spatial  resolution 
can  provide  valuable  information  on  lithium  spatial  distribution 
and  its  chemical  states  in  the  SEI  layer.  However,  light  elements 
such  as  the  lithium  species  were  extremely  susceptible  to  radiol¬ 
ysis  damage  and  knock-on  displacement  during  electron  beam 
irradiation.  For  reducing  these  sputtering  damages,  TEM  was 
operated  at  300  kV.  Recent  TEM  study  on  lithium  intercalated 
graphite  clearly  demonstrated  that  this  experimental  condition 
may  be  very  optimal  for  examining  the  SEI  layer  because  sput¬ 
tering  cross-sections  of  carbon  and  lithium  compounds  exponen¬ 
tially  decrease  with  the  accelerating  voltage  [31].  Using  FIB,  the 
sample  was  thinned  to  a  thickness  of  approximately  100  nm,  and 
then  transferred  to  the  TEM  within  2  min  for  minimizing  air 
exposure. 
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3.  Results  and  discussion 

Fig.  l(a,  b,  c)  shows  the  variation  in  beam  interaction  volume 
with  energy  by  using  a  Monte  Carlo  simulation  (CASINO  ver.  2.42, 
the  graphite  density  was  set  to  2.28  g  cm-3)  [32]  of  the  electron 
trajectories  in  the  graphite  surface.  This  result  confirms  that  the 
conventional  energies  (10  kV,  5  kV)  can  observe  the  bulk  of  a 
graphite  anode,  approximately  320-1000  nm,  while  the  low  beam 
voltage  (1  kV)  can  observe  the  outermost  surface  regions,  approx¬ 
imately  20-25  nm.  Therefore,  the  low  voltage  image  can  be  more 
sensitive  to  the  chemical  nature  and  topographic  form  of  the  SEI 
layer  on  graphite  due  to  its  thickness  range  of  a  few  nano  size.  This 
is  demonstrated  in  Fig.  l(d,  e,  f)  which  shows  secondary  electron 
(SE)  images  of  the  SEI  layer  on  the  graphite  anode  for  various 
accelerating  voltage  information  cell.  At  the  10  kV  (Fig.  1(d)),  a 
typical  SE  image,  the  contrast  effect  is  almost  negligible  compare 
with  5  kV  (Fig.  1(e))  and  1  kV  (Fig.  1(f)).  At  the  1  kV,  the  SEI  layer 
surface  becomes  more  differentiated  image  due  to  secondary 
electron  contrast  mechanism  which  represents  more  detailed  in¬ 
formation  on  the  surface  chemistry  [33].  This  is  similar  to  other 
reported  studies  on  semiconductors,  which  also  report  a  maximum 
contrast  effect  for  incident  electron  energy  in  the  range  1—2  kV 
[34-36  .  Therefore,  this  may  provides  new  understanding  of  the 
SEI  features.  These  results  indicate  that  more  detailed  morpho¬ 
logical  analysis  for  the  outermost  surface  of  SEI  layer  is  required  to 
observe  under  low  acceleration  voltage  (around  1  kV)  in  XFIR-SEM. 
We  have  also  tried  to  observe  at  below  the  1  kV  (not  shown  here) 
but  the  SEM  image  of  the  SEI  layer  has  shown  noticeable  distortion 
during  observation  due  to  the  surface  contamination  charging  from 
adsorbed  hydrocarbons  [37],  and  the  resolution  image  becomes 
lower. 

The  schematic  illustration  of  the  principle  for  SEI  thickness 
observation  is  shown  in  Fig.  2.  The  incident  angle  for  the  argon  ion 
beams  was  45°  from  the  anode  electrode  surface,  as  shown  in 
Fig.  2(a).  When  the  incident  beam  strikes  the  anode  surface,  all 
graphite  particles  are  exposed  to  the  etching  yield,  but  only  the 


shadow  area  by  the  around  graphite  particles  is  not  exposed,  as 
shown  in  Fig.  2(b).  After  a  proper  etching  time  the  SEI  layer  exposed 
to  the  etching  yields  is  almost  removed  and  then  exposes  the 
graphite  surface.  The  thickness  of  SEI  layer  could  be  observed  at  the 
step  area  between  exposed  etching  yields  and  does  not  exposed 
etching  yields. 

Fig.  3  shows  the  outermost  surface  and  cross-sectional  sec¬ 
ondary  electron  SEM  images  for  the  graphite  anode  electrode  with 
before  (Fig.  3(a))  and  after  (Fig.  3(b— d))  inducing  low  energy  ion 
etching  in  XPS.  The  etching  time  of  the  samples  were  set  to  2  min 
(Fig.  3(b))  and  5  min  (Fig.  3(c,  d,  e)).  The  SEI  layer  shows  the  exis¬ 
tence  of  fine  particles  (approximately  20-30  nm)  on  the  dense 
surface  film,  as  shown  in  Fig.  3(a).  After  an  ion  etching  time  for 
2  min,  the  dense  film  surface  shows  partial  crack  by  ion  beam,  as 
shown  in  Fig.  2(b).  After  5  min,  the  SEI  layer  in  the  ion  beam 
exposed  area  is  almost  removed  and  then  exhibit  the  exposed 
graphite  surface,  as  shown  in  Fig.  3(c,  d,  e).  However,  after  ion 
etching  for  5  min  the  traces  of  most  particles  are  still  remain  onto 
graphite  (and/or  film  layer),  and  the  graphite  grain  boundaries  are 
clearly  observed,  as  shown  in  Fig.  3(e),  suggesting  that  most  layer 
film  could  be  removed  but  the  particles  does  not  removed  all, 
probably  due  to  the  thickness  difference  between  film  part  and 
particle  part.  The  thickness  of  the  SEI  layer  at  the  step  area  between 
exposed  area  and  shadow  area  was  roughly  estimated  to  be  25- 
30  nm,  as  shown  in  Fig.  3(d),  where  the  roughly  thickness  and  to¬ 
pology  of  the  SEI  layer  are  similar  to  those  reported  by  Jeong  et  al. 
[25]. 

In  order  to  analyze  chemical  bonding  states  (and  concentration 
of  each  element)  near  the  film  surface,  two  XPS  narrow-scan 
spectra  (Cls  and  FIs)  of  the  outermost  part  for  the  SEI  layer  was 
obtained  in  Fig.  4(a),  and  then  Ar+  etching  for  2  min  was  performed 
to  investigate  the  inner  part  of  the  SEI  layer  in  Fig.  4(b)  (Li  Is  and  O 
1  s  peak  spectra  are  not  shown  here  due  to  their  poor  information 
because  most  lithium/oxygen-containing  species  (LhO,  U2CO3, 
LiOH  etc.)  present  very  few  variations  (broad  peaks)  in  binding 
energy).  The  Cls  spectra  were  fitted  with  four  peaks  according  to 


Fig.  1.  Interaction  volume  of  electrons  in  graphite  at  (a)  10,  (b)  5  and  (c)  1  kV  beam  energies  using  Monte  Carlo  simulation  (the  primary  electrons  are  shown  in  blue,  with  back- 
scattered  electrons  in  red),  and  SEM  images  of  SEI  surface  on  graphite  anode  information  cell  under  an  accelerating  voltage  at  (d)  10,  (e)  5  and  (f)  1  kV.  (For  interpretation  of  the 
references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Fig.  2.  The  schematic  illustration  of  the  principle  for  SEI  thickness  observation  by  ion  beam  etching  in  XPS. 


the  reported  binding  energies;  C-F  or  C03-like  at  291  eV,  0-C=0 
at  288.5  eV,  C-0  at  286.5  eV,  and  C-H  at  285  eV  [14,16,38,39]. 
The  FIs  spectra  are  fitted  with  three  peaks  centered  at  689  eV  (C— 
F),  687-688  eV  (reduction  products  of  LiPF6)  and  685.5  eV  (Li-F) 
[13-16,38,39].  It  is  noted  that  the  outermost  surface  of  the  SEI  layer 
shows  quite  different  features  compared  with  the  inner  part  of 


those  SEI  layers,  implying  difference  of  SEI  chemical  bonding  state. 
The  details  of  the  fitted  results  on  the  surface  species  and  peak  area 
(atomic  concentration,  at.%)  of  both  samples  are  showed  in  Fig.  5. 
The  hydrocarbon  (C-H),  Li-F  and  reduction  products  of  LiPF6 
bonding  concentrations  at  the  outermost  surface  increase  after  ion 
etching  for  2  min,  while  the  C-O,  0— C=0,  -CO3  and  C-F  bonding 


X  250K 


Partial  crack  in  SEI  layer 
by  low  energy  induced  ion  beam 


Fig.  3.  XHR-SEM  images  of  SEI  layer  on  graphite  electrode  for  formation  cell:  (a)  before  ion  etching  (b)  after  ion  etching  for  2  min  and  (c,  d,  e)  after  ion  etching  for  5  min. 
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Binding  Energy  (eV) 


Binding  Energy  (eV) 

Fig.  4.  XPS  deconvoluted  C  Is  and  FIs  spectra  for  anode  electrode  information  cell;  (a)  before  ion  etching  (b)  after  ion  etching  for  2  min. 


concentration  decreases.  Among  them,  the  hydrocarbon,  C-0  and 
reduction  products  of  LiPF6  are  major  component  of  the  whole  SEI 
layer.  The  organic  C-0  and  C=0  peaks  are  larger  in  the  film  derived 
from  the  VC-added  electrolyte  [40,41],  while  the  hydrocarbon  (C— 
H)  peak  around  285  eV  has  been  assigned  to  oxygen-containing 
chain  like  polyethylene  oxide  (PEO)-type  polymer  from  polymeri¬ 
zation  of  EC  in  the  SEI  layer  [16,40].  Therefore,  it  is  suggested  that 
the  outermost  layer  of  the  SEI  is  mainly  composed  of  the  polymer 
species  from  the  VC-additive,  and  the  inner  layer  of  the  SEI  is 
mainly  composed  of  the  polymer  species  from  the  EC.  These  results 
may  explain  the  reduction  behavior  in  the  cyclic  voltammetry 
measurements  [40].  The  reduction  products  of  LiPF6  are  main 
composition  of  inorganic  species  for  both  outermost  layer  and  in¬ 
ner  parts  layer,  while  the  Li-F  bonding  exhibit  slight  (the  C-F 
bonding  may  originates  from  decomposed  PVDF  binder  in  the 
cathode  and  the  degradation  productions  could  be  transported  to 


the  SEI  layer  surface  on  graphite  anode).  It  is  likely  that  solvent 
molecules  from  LiPF6  could  permeate  into  porous  polymer  layer  by 
mainly  EC  and/or  VC  on  the  graphite  surface,  and  therefore  be 
reduced  during  formation  process  [16]. 

Fig.  6(a)  shows  a  bright  field  TEM  image  of  adjacent  region 
shown  in  Fig.  3(a)  where  the  interface  between  graphite  and  SEI  is 
marked.  The  secondary  particles  are  clearly  observed  at  the  surface 
where  the  morphology  shows  quite  microscopically  rough. 
Enlarged  images  of  the  secondary  particles  are  shown  in  Fig.  6(b,  c) 
with  uncertain  layer  below.  It  is  noted  that  the  SEI  layer  of  forma¬ 
tion  cell  is  consist  of  two  type  layer,  i.e.  the  secondary  particles  layer 
with  the  thickness  roughly  within  a  range  of  30-40  nm  and  the 
complex  spongy-type  layer  with  the  thickness  roughly  within  a 
range  of  35-40  nm  onto  the  graphite,  corresponding  to  the  XHR- 
SEM  results  in  Fig.  3(d).  The  main  component  of  the  secondary 
particle  appears  to  be  LiF  (and/or  reduced  LiPF6  products),  based  on 


Hydrocarbons  C-0  C=0  C03  Li-F  Reduced  C-F 

products  of  LiPF6 


Fig.  5.  Quantitative  diagram  of  the  surface  species  from  XPS  deconvoluted  spectra  for  the  anode  electrode  information  cell;  (dark  black)  outermost  surface  (gray)  surface  after  ion 
etching  for  2  min. 
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Fig.  6.  (a)  High-magnification  bright-field  TEM  image  of  adjacent  region  shown  in  Fig.  3(a)  at  the  SEI/graphite  interface,  (b)  Enlarged  image  [marked  as  (b)  in  (a)],  (c)  Enlarged  image 
[marked  as  (c)  in  (b)].  (d)  EELS  Lis  spectra  of  the  secondary  particle,  (e,  f)  HR-TEM  image  and  EELS  Li  mapping  of  the  region  [shown  as  “complex  layer”  in  (c)]. 


the  shape  of  the  Li  K-edge  spectra  (energy  gap  exhibits  7.2  eV)  in 
Fig.  6(d)  [31  ].  These  result  consistent  with  the  investigation  by  A.  M. 
Andersson  et  al.  [16].  The  role  of  the  secondary  particles  as  SEI  layer 
will  be  discussed  in  a  latter  paper.  Fig.  6(e)  clearly  shows  the 
spongy-type  layer  (like  dense  film)  onto  the  graphite  but  the  Li 
gradient  of  the  layer  (Fig.  6(f))  exhibit  a  non-uniform  distribution, 
suggesting  that  the  spongy-type  layer  could  be  composed  of  the 
compact  inner  layer  (10-15  nm)  and  the  porous  outer  layer  (20- 
30  nm).  It  is  likely  that  the  spongy- type  layer  of  the  SEI  may 
comprise  the  organic  and/or  inorganic  components  of  the  complex 
compact/porous  structures.  This  complex  feature  requires  further 
work  on  qualitative/quantitative  analysis  of  the  EELS  spectra. 

According  to  the  XPS,  XFIR-SEM  and  TEM  results,  we  proposed  a 
schematic  model  for  the  SEI  layer  formed  on  graphite  information 
cell,  as  shown  in  Fig.  7.  The  outermost  layer  (layer  2  with  particles) 
of  SEI  is  mainly  composed  of  the  polymer  species  (from  VC)  with 
reduction  products  of  LiPF6,  and  the  inner  layer  (layer  1  onto 
graphite)  of  SEI  is  mainly  composed  of  the  polymer  species  (from 
EC)  with  reduction  products  of  LiPF6.  The  secondary  particles  (in 
layer  2)  with  the  thickness  roughly  within  a  range  of  20— 30  nm  and 
the  complex  spongy-type  layer  (dense  film,  layer  1)  with  the 
thickness  roughly  within  a  range  of  25— 30  nm  onto  the  graphite  are 
formed,  and  show  inhomogeneous  layer  structure. 

4.  Conclusion 

We  have  developed  a  new  technique  for  measuring  the  thick¬ 
ness  of  SEI  layer  on  graphite  anode,  and  the  surface  morphological 


properties  under  low  acceleration  voltage  was  investigated  by  XFIR- 
SEM.  At  the  1  kV,  the  SEI  layer  surface  becomes  more  differentiated 
image  which  may  provides  new  understanding  of  the  SEI  features. 
It  is  suggested  that  XFIR-SEM  under  low  acceleration  voltage  with 
low  energy  induced  ion  etching  in  XPS  studies  have  provided 
valuable  information  on  SEI  layer  formation.  The  outermost  surface 
of  the  SEI  layer  shows  quite  different  features  compared  with  the 


Discharging  state 


SEI  thickness; 

1.  Dense  film:  approximately  25~30nm 

2.  Fine  particle:  approximately  20~30nm 


Layerl:  Hydrocarbons*,  reduced 
products  of  LiPF6/  organic  compounds 
based  on  C-0  and  C=0  bonding,  Li-F 


- >  Layer2  with  particles: 

Organic  compounds  based  on  C-0  and 
C=0  bonding*,  reduced  products  of 
LiPF6,  Li-F,  C-F 

*:  major  species 

Fig.  7.  Proposed  model  the  SEI  layer  formed  on  graphite  information  cell. 
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inner  part  of  those  SEI  layers.  The  spongy-type  layer  could  be 
composed  of  the  compact  inner  layer  (10-15  nm)  and  the  porous 
outer  layer  (20-30  nm). 
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